Here we report the first occurrence of ultra-depleted pyrope garnets with rare earth element (REE) patterns similar to those of hypothetical garnets proposed to have formed in the subcontinental lithospheric mantle prior to those of metasomatic origin. These unique ultra-depleted garnets have not previously been identified in global suites of mantle xenoliths or diamond inclusions. They occur in certain harzburgite members of the xenolith suite from the Lashaine tuff cone, northern Tanzania. The Lashaine ultra-depleted garnets are characterized by low concentrations of CaO (5 0·35 wt %), Cr 2 O 3 (2·5 wt %), incompatible trace elements (e.g. Ba, Sr,Ti, Zr and Y), and have chondrite-normalized REE patterns with steep positive middle-to-heavy REE slopes and flat-to-positive, light-tomiddle REE slopes [i.e. they are 'tick' (ˇ)-shaped]. The ultradepleted garnets have high Mg# (92·5) and coexist in chemical and textural equilibrium with highly refractory olivine (Fo 95·4 ) and orthopyroxene (Mg# ¼ 96·4), which are all more magnesian than encountered in most global mantle harzburgites and diamond inclusions. The ultra-depleted garnets occur in interconnecting networks around grains of orthopyroxene, which give the rocks a banded appearance.We propose that the ultra-depleted garnets formed by isochemical exsolution from orthopyroxene following a change in geothermal gradient (decrease in temperature and increase in pressure) associated with Archean lithospheric thickening. Metasomatism of refractory mantle is recorded in the Lashaine xenoliths by an almost continuous variation from ultra-depleted to sub-calcic (harzburgitic) to calcic (lherzolitic) garnet compositions. Overall this systematic trend correlates with increasing depth and is accompanied by a change in chondrite-normalized REE patterns, from 'ˇ'-shaped to sinusoidal to normal (i.e. light REE depleted). We attribute these compositional variations in garnet, together with a general decrease in Mg# in all mineral phases with depth, to a gradual change from low-temperature high-density fluid metasomatism to high-temperature silicate melt-related enrichment. Pressure and temperature estimates suggest that this metasomatism is concentrated at the base of theTanzanian lithospheric mantle (i.e. between 125 and 160 km depth), which is consistent with the results of previous studies. Harzburgites containing ultra-depleted garnets were entrained from shallower depths ($125 km) in the lithosphere than most Lashaine lherzolites and we suggest that long-term survival of this refractory mantle reflects its location above the level reached by ascending metasomatic agents.We propose that preservation of widespread highly refractory, low-density and high-viscosity lithospheric mantle at shallow depths beneath the Tanzanian Craton may have ensured its long-term stability and resistance to delamination. The presence of refractory mantle beneath both the core and eastern margin of the Tanzanian Craton may account for the steep gradient in lithospheric thickness relative to other regions of thick stable Archean lithosphere where thinning beneath cratonic margins is more gradual.
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the convecting mantle during the Archean (Boyd, 1989; Pearson, 1999; Herzberg, 2004) . Evidence for this is stated to be provided by harzburgite and dunite xenoliths, which are thought to be residues of up to 40% adiabatic decompression melting of fertile peridotiteçover a large depth interval ($150 km)çprior to their consolidation in the lithospheric mantle (Kelemen et al., 1998; Walter, 1998; Herzberg, 2004; Bernstein et al., 2007; Gibson et al., 2008; Pearson & Wittig, 2008) . Nevertheless, such extensive melting is difficult to reconcile with the widespread occurrence of garnet in sub-cratonic peridotites; this phase would be residual in only the deepest parts of the melt column, where the amount of melting is small and/or pressures are high enough for garnet to be stable (42·5 GPa). Further, the volume of garnet-bearing mantle remaining after large amounts of adiabatic decompression melting, perhaps beneath an Archean mid-ocean ridge or within an upwelling mantle plume (Herzberg, 1993; Carlson et al., 2005) , will be relatively small and cannot explain the abundance of garnet in sub-cratonic lithospheric mantle.
Since the Archean, much of the sub-cratonic lithosphere has undergone widespread refertilization, often involving formation of high-Mg# (pyrope) garnet as well as compositional change of existing phases (Dawson & Smith, 1977; Erlank et al.,1987) . This modal and cryptic metasomatism deduced from xenoliths is especially prevalent at the base of the lithosphere (Dawson, 1999 (Dawson, , 2002 Griffin et al., 2003; Simon et al., 2003; Burgess & Harte, 2004; Gibson et al., 2008) having probably occurred in several stages over timescales of billions of years (Cohen et al., 1984; Pearson, 1995; Burton et al., 2000; Hopp et al., 2008) , and has also been recorded in tectonically emplaced mantle peridotites (Beyer et al., 2006) . Some of the best petrological evidence for the early phase evolution of sub-cratonic lithospheric mantle is preserved as inclusions in diamonds. Although some diamonds are believed to have been derived from deep in the convecting lower mantle, the vast majority are thought to have formed in the lithospheric mantle (Stachel, 2001; Stachel & Harris, 2008; Harte, 2010; Walter et al., 2011) . Ancient diamonds, most of which formed around 3·2 Ga (Gurney et al., 2010) , act as time capsules that protect the geochemical signatures of included mantle phases (such as pyrope garnet and orthopyroxene) from overprinting by subsequent metasomatic events. Although diamond inclusions may provide unique information on the chemistry and early evolution of sub-cratonic lithosphere (e.g. Stachel et al., 1998a; Creighton et al., 2007; Banas et al., 2009 ), they do not necessarily represent the solidus compositions of primary mantle phases, as the latter may themselves have been modified by reaction with diamond-forming fluids (Pearson & Wittig, 2013) .
The nature and timescales of garnet formation are important to understanding how subcontinental lithospheric mantle has evolved. They also provide an insight into the associated mantle dynamics, because the presence of garnet greatly influences the density of the lower lithosphere and hence the long-term stability of thick (150^220 km) cratonic lithosphere (Jordan, 1979; Pollack, 1986) . Various models have been proposed to account for the occurrence of garnet in mantle peridotites, including the following: (1) high-pressure transformation of spinel during lithospheric thickening (Tainton & McKenzie, 1994; Stachel et al., 1998b) ; (2) exsolution from formerly Al-and Ca-rich orthopyroxene (Dawson & Smith, 1973b; O'Hara et al., 1975; Dawson et al., 1980; Cox et al., 1987; Canil, 1991; Simon et al., 2003; Dawson, 2004) ; (3) crystallization from percolating metasomatic melts and/or fluids (Stachel et al., 1998b; Burgess & Harte, 2004; Weiss et al., 2009) ; (4) reaction of infiltrating silicic fluids with a hostrock containing chromite, olivine and orthopyroxene (Bell et al., 2005; Malkovets et al., 2007) . These interpretations are primarily based on textural relationships and/or the major-and trace-element contents of pyrope garnet. Regardless of the mode of formation of cratonic garnets, the responsible process(es) have resulted in widely variable amounts of pyrope (from 1 to 15 mode %; Dawson et al., 1980) , which may be of subtly different compositions (Dawson & Stephens, 1975; Stachel & Harris, 1997) .
Here we describe fully equilibrated pyrope garnets, found in harzburgite and lherzolite xenoliths from near the eastern margin of the Tanzanian Craton, particularly focusing on some that have extremely low contents of CaO and rare earth elements (REE). These ultra-depleted garnets are significant because their trace-element concentrations and ratios resemble the hypothetical composition proposed for pyrope garnets prior to any metasomatism (Stachel et al., 2004) . Garnets with such trace-element compositions have not previously been reported from diamond inclusions or peridotites. We compare the Lashaine mantle peridotite xenoliths with those from elsewhere in northern Tanzania and discuss their origin and importance to our understanding of the evolution and stability of sub-cratonic lithospheric mantle. eastern margin. Re^Os studies of sulphides in garnet lherzolites from Lashaine and chromites in harzburgites from nearby Labait suggest that parts of the underlying lithospheric mantle have minimum ages of 3·4 Ga and 2·9 Ga, respectively Burton et al., 2000) . Several subsequent episodes of metasomatic enrichment, one as old as 2 Ga, have been inferred from petrographic, bulk-rock and Sr, Nd, Pb and Os isotopic studies on peridotites from both localities (Cohen et al., 1984; Burton et al., 2000; Koornneef et al., 2009; Aulbach et al., 2011) . Some of this metasomatism occurred shortly prior to xenolith entrainment and is most probably associated with the Quaternary extension of the eastern branch of the East African rift (Rudnick et al., 1994 Dawson, 1999 Dawson, , 2002 Koornneef et al., 2009) .
Given this long and complex geochemical history, mantle xenoliths from northern Tanzania may not at first sight appear to offer the best opportunity to study the formation and survival of ancient lithosphere. Nevertheless, the degree and style of metasomatism is highly variable and, to a large extent, decreases with decreasing depth. Here we focus on lherzolites and harzburgites that occur in olivine melilitite and carbonatite scoria in a tuff cone at Lashaine 3822'S, 36826'E (Dawson, 1964 (Dawson, , 2002 (Dawson, , 2008 Dawson et al., 1970; Dawson & Smith, 1973a; Reid et al., 1975; Rhodes & Dawson, 1975 ; Henjes-Kunst & Altherr, Dawson & Smith, 1988) . The surface boundary between the Tanzanian Craton and Mozambique Belt is illustrated by a bold dotted line. The fine dashed line marked A'^A'' illustrates the line of the seismic section of Weeraratne et al. (2003) illustrated in Fig. 19 . Continuous lines show locations of major faults. Inset shows the location of the main figure together with contours of lithospheric thickness and locations of African cratons (shaded regions; after Priestley et al., 2008). 1992; Rudnick et al., 1994; Aulbach et al., 2011) . We report new major and trace element analyses of mineral phases together with whole-rock trace element data for the mantle xenoliths and combine these with previous data for Lashaine lherzolites and harzburgites.
A NA LY T I C A L T E C H N I Q U E S Electron microprobe analysis
Olivine, orthopyroxene, clinopyroxene, garnet, spinel and phlogopite were analysed for major and some trace elements using a Cameca SX 100 electron microprobe equipped with five wavelength-dispersive spectrometers and one energy-dispersive spectrometer in the Department of Earth Sciences at the University of Cambridge. All samples were analysed at 15 kV and beam currents of 10 nA and 100 nA were employed for major and trace elements respectively. Detection limits are presented in the Supplementary Data (available for downloading at http://www. petrology.oxfordjournals.org).
Inductively coupled plasma^mass spectrometry
All samples were analysed by inductively coupled plasmam ass spectrometry (ICP-MS) on a PerkinElmer SCIEX Elan DRC II quadrupole ICP-MS system, in the Department of Earth Sciences at the University of Cambridge, for the REE, Ba, Co, Cs, Cu, Ga, Hf, Nb, Pb, Rb, Sc, Sr, Ta, Th, U, V, Y, Zn and Zr. Be, Mo, Sb and Sn were also analysed in a small subset of samples. For each sample, 0·1g of powder was digested in a sealed Savillex vial using an Evapoclean system and the HF^HNO 3 technique of Jarvis & Jarvis (1992) before dilution to 3·5% HNO 3 . Blanks were prepared with each set of samples. Residual chromite was observed in a few samples after HF digestion such that contents of Nb, Ta, Hf, Zr and Y should be regarded as minimum concentrations in chromite-bearing peridotites.
Samples were spiked with In, Re, and Rh to monitor internal drift. Solutions were analysed at a final dilution factor of 5000Â using a quartz Meinhard nebulizer and quartz cyclonic spray chamber, with platinum sampler and skimmer cones. ICP-MS sensitivity in this configuration was 4·5 Â10 5 c.p.s. ppb^1 In with CeO/Ce ¼ 0·03 AE 0·002. Appropriate corrections were made using oxide/ metal ratios calculated by analysing pure single-element standard solutions. Instrument calibration was performed using certificate, and high accuracy and precision literature values, for matrix-matched international rock standards AGV-1, BIR-1 and BHVO-2 (see table of standards in Supplementary Data) and also in-house standards. Total procedural blanks for all elements were negligible for all analytes (see table of standards in Supplementary Data). Analytical accuracy and reproducibility were estimated from repeated measurements of international rock standards AGV-2 and BCR-2. BHVO-2 was also analysed repeatedly to check instrument performance and accuracy of the linear calibration. One standard and one blank were analysed at several intervals throughout the whole run to monitor signal drift and contamination within the instrument. Reproducibility, based on replicate digestions of standards and samples within batches, varied from 0·5 to 3% for most analytes (see table of standards in Supplementary Data).
Laser ablation (LA)-ICP-MS analysis
Trace element concentrations in garnet were determined using a New Wave UP213 Nd:YAG LA system interfaced to a PerkinElmer Elan DRC II ICP-MS system in the Department of Earth Sciences at the University of Cambridge. An 80 mm diameter laser beam and a laser repetition rate of 10 Hz and laser power of $1mJ (10 J cm^1) were used for the entire study. The spot size was chosen as a compromise between signal intensity and the size of the minerals of interest in the samples. The ICP-MS data acquisition settings were one sweep per reading, 80 readings, one replicate, and total data acquisition lasted 60 s (approximately one data point for each element per second). The laser was programmed to run for 40 s, with a laser warm-up time of 20 s for each spot analysis. This provides a background for each element, which is subtracted from the intensity for each element for that spot analysis. The laser warm-up time allows the laser power output to stabilize to a constant and stable value prior to each spot analysis.
The ICP-MS dwell time for each mass was dependent on the isotope and concentration of the element in the samples, but was typically 1ms for major elements such as Ca, Mg, and Si. Dwell times of 20 ms were used for most trace elements, and for some REE in depleted garnets this was increased to 60 ms. For all data, NIST 610 was used for system calibration of element concentrations. Calibration accuracy was verified by analysing either NIST 612 or BCR-2 G. Recoveries were typically 90^110% of the values found on the GEOREM database. In addition, several analyses of the USGS standards BIR-1G and BHVO-2G and GOR-128G (MPI-DING) and an in-house garnet standard (BD3632) were conducted during the analytical run to check calibration accuracy. Repeated analyses of BCR-2G and other standards are reported in the Supplementary Data tables, with better than 10% reproducibility for REE. LA-ICP-MS raw intensity drift during an analytical session of 8 h is typically less than 10% based on raw counts for NIST standards. This drift is compensated for by the internal standard calculations in the Glitter software; no other drift corrections are used.
For data processing and calculation of concentrations, Glitter Software (GEMOC, Australia) was used to process the raw data files from the Elan software containing the signal intensity versus time. This allows precise selection of blanks and signals, and rapid visualization of the intensity data. The calculated concentrations in parts per million (ppm), 1s errors, theoretical detection limits, raw signal in counts per second (c.p.s.), and raw background c.p.s. were exported to a spreadsheet program for creating chondrite-normalized plots and other processing. The CaO content of standards and mineral phases was used for internal standard normalization of the trace element signals. The major element compositions of the samples in this study were determined prior to LA-ICP-MS analysis on the electron microprobe (Cameca, Department of Earth Sciences, University of Cambridge). Analyses of ultra-depleted garnets required average MgO contents as the CaO contents were too low. Replicate LA-ICP-MS results from three or more spots in the same garnet were averaged where possible, and chosen carefully to avoid contamination and to ensure laser sampling from the target material only.
The external precision of repeated analysis of BCR-2G for the REE is typically comparable with that of solution mode analysis, 0·5^4% for all the REE. Internal precision (expressed as per cent relative standard deviation) for each spot analysis for BCR-2G and other geological standards with normal concentrations of REE is typically 5^10%. However, owing to the very depleted nature of the garnets in the banded harzburgites the error is more typically 40^50% for the light REE (LREE) and heavy REE (HREE), and 450% for the middle REE (MREE) with the lowest concentrations. Despite the large apparent error and low signal, replicate analyses of single grains were in good agreement. Furthermore, on chondrite-normalized plots the REE patterns of the ultra-depleted garnets are smooth, suggesting that there are no systematic analytical errors in single elements. It is difficult to estimate a practical detection limit for the LA-ICP-MS system owing to the lack of a true analytical blank available for laser work, and the gas blanks are almost always very low signals or zero. However, the concentrations of the MREE in the ultra-depleted garnets were close to the detection limits of the system because the count rates for some were of the order of 1c.p.s. The LREE and HREE had higher signals, ranging from 5 to 100 c.p.s. or more.
P E T RO G R A P H Y O F L A S H A I N E G A R N E T P E R I D O T I T E S
Lherzolite and harzburgite xenoliths in the Lashaine tuff cone generally have maximum dimensions of $15 cm. The rocks are all remarkably fresh and show no evidence of significant hydrothermal alteration. Below is a brief summary of the petrography and major-element mineral chemistry of the xenoliths. Full petrographic descriptions of many of the samples discussed in this study have been given by Dawson et al. (1970) , Reid et al. (1975) and Dawson (2002) .
Granular garnet harzburgites are composed of c. 60^75% olivine, 10^30% orthopyroxene and 5^10% garnet (Table 1; Rudnick et al., 1994) . Clinopyroxene and Mg-chromite are present in only a few samples, where they occur in low modal abundances. The harzburgites contain subhedral grains of olivine and orthopyroxene, which are typically 1^3 mm in length, although rare large olivines are up to 9 mm. Pale pink pyrope garnets range from 1 to 5 mm in diameter. At their margins they are often replaced by red^brown spinel, orthopyroxene and clinopyroxene.
A few of the Lashaine garnet harzburgites display a banded texture. This is especially prominent in BD3928, in which $1cm wide, continuous bands of equant crystals of pyrope garnet, 2^4 mm in diameter, regularly occur at 1cm spaced intervals (Fig. 2) . The garnets tend to be concentrated within bands, but also occur less commonly between them forming an interconnecting network around large (up to 6 mm) equant grains of orthopyroxene 
Data are from Reid et al. (1975) and and have been recalculated to 100%. *Phlogopite in these samples was regarded as secondary by Reid et al. (1975) .
( Fig. 3) . A similar, but less well-defined, necklace texture is displayed by garnets in BD3927. The garnets are often surrounded by reaction rims of compositionally zoned cherry red spinel and orthopyroxene, which are commonly intergrown. Olivines are similar in size to those in the granular garnet harzburgites, although larger grains (up to 8 mm) are more frequently encountered in the banded xenoliths. Clinopyroxene is rare and occurs together with the red-brown spinels at the margins of garnet grains. Granular garnet lherzolites are common at Lashaine. They are coarse grained, with single crystals typically $3 mm in diameter although much larger grains are also present. The xenoliths display textural equilibrium (i.e. dihedral angles between phases are $1208). They contain 465 to 80% olivine, 5^22% orthopyroxene, 5 10% clinopyroxene and 510% garnet (Reid et al., 1975; Rudnick et al., 1994) . The ranges in modal olivine and orthopyroxene contents are similar to those in the garnet harzburgites. Discrete anhedral grains of clinopyroxene have a light emerald green colour and often turbid, spongy reaction rims. The garnets frequently have thin reaction rims of spinel, high-Al orthopyroxene and clinopyroxene (Reid & Dawson, 1972) . Garnets in some samples of granular garnet lherzolite (e.g. BD776) enclose small, rounded inclusions of olivine (Dawson et al., 1970; Rudnick et al., 1994) .
Chromite harzburgites generally contain 80^90% olivine, 5^15% orthopyroxene, 53·5% clinopyroxene and 51% Mg-chromite. In a few harzburgites, chromite coexists with garnet (BD775 and BD797). In some samples metasomatic diopside and phlogopite replace chromite (e.g. BD747) and in others primary diopside is partly replaced by orthopyroxene plus minor amounts of chromite, ilmenite and phlogopite (Dawson, 1987 (Dawson, , 2002 . Melt pockets and veins are evident in some of these xenoliths.
Chromite lherzolites contain 85^92% olivine, 5% orthopyroxene, 5^10% clinopyroxene and 51% Mg-chromite.
They also contain veins and pockets of trapped melt (Dawson, 2002) . The olivine and orthopyroxene grains are large (up to 8 mm). Cr-diopside and spinel occur as smaller grains (up to 5 mm).
Phlogopite-bearing peridotites typically contain 470% olivine, 5 16% orthopyroxene, 10% of either spinel or garnet and 45% phlogopite. Clinopyroxene is absent in some samples (BD735 and BD739) but occurs as large (8 mm) grains in others (e.g. BD747). The phlogopite-bearing peridotites are finer grained and often more altered than the other types of peridotite described above. Grains of olivine and orthopyroxene have $1208 dihedral angles and appear to be in textural equilibrium. In the samples examined here, in which phlogopite and garnet coexist, the garnet is small (0·1mm). 
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Clinopyroxene Lithology: Lherzolite Harzburgite
Sample: BD794 BD794 BD794 BD794 BD794* BD794 BD794 BD794 BD794 BD812 BD812* BD775* BD775
Location in grain: rim core rim core core SiO 2  53·66  54·25  54·63 53·44  54·43  55·20  55·10 54·38  54·08  53·90  54·21  52·99  52·74   TiO 2  0·13  0·13  0·14  0·36  0·13  0·07  0·11  0·13  0·13  0·45  0·53  0·50  0·42   Al 2 O 3  3·29  2·78  3·32  1·71  3·05  2·37  2·63  3·03  3·09  0·39  1·18  4·14  4·04   Cr 2 O 3  2·31  2·02  2·42  1·52  2·16  2·10  2·10  2·20  2·21  2·06  2·14  2·93  2·50   FeO  2·25  2·08  2·19  3·94  2·14  2·16  2·18  2·23  2·17  3·50  3·99  3·43  2·87   MnO  0·07  0·08  0·06  0·20  0·11  0·09  0·08  0·08  0·08  0·10  0·15  0·16  0·16   MgO  16·43  16·82  16·66 19·82  16·86  17·26  17·35 16·77  16·69  19·17  19·25  18·79 19·05 Grain:
Location in grain: rim core SiO 2  39·90  37·20  38·87  37·87  38·17  37·86  37·76  37·45  37·94  39·16  37·72   TiO 2  3·10  4·23  4·25  3·84  3·86  4·31  4·16  3·62  3·57  2·94  3·34   Al 2 O 3  12·82  15·72  17·17  17·25  16·91  16·44  16·33  15·87  16·02  13·64  15·42   Cr 2 O 3  1·23  1·40  0·62  0·55  0·38  0·41  0·74  2·24  2·03  1·75  2·19   FeO  3·79  3·13  3·09  2·72  2·98  3·19  2·89  4·79  4·36  4·21  4·25 (continued)
Olivine
The olivine in the banded garnet harzburgites is highly forsteritic, ranging from Fo 95·4 in BD3928 to Fo 92·5 in BD3937 (Table 2 and Fig. 4 ). It is overall less magnesian in the granular garnet harzburgites (Fo 92·8 ), which in turn contain olivine that is generally more magnesian than observed in the garnet lherzolites (Fo 91^92·7 ; Table 2 ). Similarly, in Lashaine chromite-bearing peridotites the olivines are generally more magnesian in the harzburgites (Fo 90^94 ) than in the lherzolites (Fo 85^91 ; Dawson, 2002 Grain:
Location in grain: rim core CaO contents exhibit a negative correlation with Fo and so are very low in olivine from the banded garnet harzburgites (typically 50·02 wt %; Table 2 ). Ni contents of all olivines are high and range from 0·3 to 0·5 wt %.
Orthopyroxene
Orthopyroxene grains in the banded garnet harzburgites have very high Mg# (up to 96·4), moderate Al 2 O 3 (up to 1·6 wt %) but very low CaO contents (50·2 wt % in BD3928; Fig. 5 ). In the granular garnet harzburgites the orthopyroxene also has a high Mg# (93·5^94) and moderate amounts of CaO (0·2^0·7 wt %) and Al 2 O 3 (1·1^2·5 wt %), whereas in the garnet lherzolites the orthopyroxenes have relatively high CaO (0·4^0·7 wt %) and low Al 2 O 3 contents (0·7^1·5 wt %; Fig. 5 ) but are less magnesian (Mg# 91^93·8; Fig. 5b ). Orthopyroxenes in chromite harzburgites have higher Mg# (up to 95) and Al 2 O 3 but lower CaO than in chromite lherzolites, which have an Mg# of 93 (Dawson, 2002) . In phlogopite-bearing peridotites the Mg# of orthopyroxene grains range from 91·5 to 93·5 and in Fe-rich samples the Mg# of the orthopyroxene is as low as 82. In most of the samples that we analysed, orthopyroxene appears to be in chemical equilibrium with coexisting garnet and olivine.
Clinopyroxene
Clinopyroxenes in the Lashaine peridotites exhibit a wide variation in composition. In garnet-bearing peridotites, clinopyroxenes have 1·0^3·3 wt % Cr 2 O 3 and up to 2·8 wt % Na 2 O and are all Cr-diopsides. In the granular garnet lherzolites the Cr-diopsides have similar Mg# to the orthopyroxene (92·5^93·5) and are in chemical equilibrium with them and also garnet (Mg# 83^85·5). Rudnick et al. (1994) noted that in some Lashaine garnet lherzolites (R664 and R774) the clinopyroxenes are in chemical disequilibrium with orthopyroxene, garnet and olivine. All samples of garnet lherzolite analysed during this study exhibit chemical equilibrium between orthopyroxene and clinopyroxene (Fig. 6 ). This is not the case for harzburgite BD747 and garnet harzburgites BD775 and BD812, which exhibit disequilibrium between the The boundary between lherzolites and harzburgites is taken from data for Mwadui (Stachel et al., 1998a) . Olivines from Labait, Lashaine and Pello Hill with low Fo contents have been subject to Fe metasomatism. Data are from this study, Jones et al. (1983) , Dawson & Smith (1988) , Rudnick et al. (1993 Rudnick et al. ( , 1994 , Stachel et al. (1998a) , Dawson (2002) and Dart (2010) .
pyroxenes and appear to have undergone recent metasomatic addition of clinopyroxene. In chromite-bearing peridotites the primary clinopyroxenes are Cr-diopsides whereas those resulting from metasomatism have low Cr 2 O 3 (52·5 wt %) and Na 2 O contents (5 1wt %) and vary from augite to diopside to endiopside in composition (Dawson, 2002) .
Mg chromite
Most of the primary spinels in the Lashaine peridotites have high contents of Cr 2 O 3 (440 wt %) and MgO (4 10 wt %) and are Mg-chromites (Reid et al., 1975) . Previous studies have noted that they are compositionally zoned (Pike et al., 1980; Rudnick et al., 1994) . The spinels have low TiO 2 contents (5 1wt %), except where they Dawson & Smith (1988) , Dawson (1994 Dawson ( , 2002 and Dart (2010) .
JOURNAL OF PETROLOGY VOLUME 54 NUMBER 8 AUGUST 2013 coexist with phlogopite, in which case TiO 2 contents are up to 4 wt %. Dawson (2002) noted that the most Cr 2 O 3 -rich spinels from Lashaine resemble spinel inclusions in diamond. The high molar Cr/(Cr þAl) of these chromites (0·6^0·90; Rudnick et al., 1994; Dawson, 2002) suggests that either they are residues of large amounts (430%) of melt extraction (Arai, 1994) or they formed by exsolution from orthopyroxene.
Pyrope garnet
Garnets in the Lashaine peridotites exhibit wide variations in composition and plot in the fields of ultra-depleted, sub-calcic (harzburgitic) and calcic (lherzolitic) garnets (Sobolev et al., 1973; Dawson & Stephens, 1975; Gru« tter et al., 2004 ; Fig. 7 ). The garnets examined in this study exhibit only small internal variations in composition, but we note that Rudnick et al. (1994) found a single xenolith (TZ 2-16) containing sub-calcic garnets that exhibit a slight core to rim increase in CaO at roughly constant Cr 2 O 3 (Fig. 7) . In garnet lherzolite BD776 the garnet is in compositional disequilibrium with the coexisting pyroxenes, which suggests that it may have formed by recent metasomatic addition.
Major element variations
Garnets in banded harzburgite BD3928 have the most depleted compositions of all those analysed from northern Tanzania: they have very low contents of FeO ($4 wt %), Cr 2 O 3 ($2·5 wt %), CaO (50·35 wt %), TiO 2 (50·05 wt %) and MnO (0·18 wt %), but high contents of MgO (27 wt %) and Al 2 O 3 (23 wt %). These garnets are highly magnesian (Mg# 91·5^92·5), have low Cr# [100Cr/ Rudnick et al. (1993) . The dashed line with an arrow illustrates the general evolutionary trend of Lashaine garnets. The field of garnet megacrysts from the barren Nzega kimberlite in northern Tanzania (Tainton et al., 1999) is shown for comparison. Data are fromTable 2; other data are from Reid et al. (1975) , Rudnick et al. (1993) and Griffin et al. (1994) . Garnet fields and the graphite diamond constraint are from Gru« tter et al. (Cr þAl) ¼ 7] and are best described as 'ultra-depleted' . In the harzburgites, the garnets are less magnesian (Mg# 85^87) and sub-calcic (CaO 3^4·5 wt %), with moderate contents of Cr 2 O 3 (5·5^6·5 wt %; Figs 7 and 8). In the lherzolites, the garnets are relatively calcic (CaO 4·8^6·7 wt %) and have moderate to low contents of Cr 2 O 3 (37 ·2 wt %) and low Mg# (83^85·5). The Lashaine garnets exhibit an almost continuous negative correlation between Mg# and CaO, ranging from low-Mg# lherzolitic to high-Mg# harzburgitic varieties (Fig. 8) . For most lherzolitic and harzburgitic garnets the variation of Mg# with CaO is linear, except for the increase in Mg# at almost constant CaO exhibited by garnets in banded harzburgite BD3928.
Lashaine lherzolitic Ca-saturated garnets exhibit a steep positive linear correlation between CaO and Cr 2 O 3 , which parallels the boundary between garnets of lherzolite and harzburgite paragenesis (Fig. 7) . In contrast, the subcalcic and ultra-depleted garnets display a moderately steep positive linear trend in a plot of CaO vs Cr 2 O 3 that approximately parallels the graphite^diamond constraint of Gru« tter et al. (2006) . The Ca^Cr array for our Lashaine sub-calcic garnets is different from the trend observed by Reid et al. (1975) and Rudnick et al. (1994) , whose data show that Cr 2 O 3 contents are almost constant ($4 wt %) for variable amounts of CaO, forming a horizontal trend on a CaO vs Cr 2 O 3 plot . When plotted together with our new data, however, it is apparent that previously published analyses represent subtle deviations away from the positive linear trend of sub-calcic (harzburgitic) garnets towards the steep positive trend of calcic (lherzolitic) garnets (Fig. 7) .
Trace element variations
All Lashaine pyropes have low contents of Ti (5600 ppm), Zr (5 15 ppm) and Y (5 12 ppm) (Table 3 ) and, in terms of these elements, are similar to the depleted peridotite garnets of Griffin et al. (1999) . Relative to more calcic varieties, the ultra-depleted garnets have low Ba (0·1ppm), Sr (0·5 ppm), Sc (585 ppm) and V (5 150 ppm), but Ni contents are high ($60 ppm). Despite low concentrations of trace elements in Lashaine garnets, our data show that from this single locality the range of chondritenormalized REE patterns (Fig. 9) is as diverse as any encountered in previous studies of global pyrope garnets. In general, calcic pyropes from Lashaine lherzolites exhibit normal or mildly sinusoidal chondrite-normalized REE patterns, characterized by low contents of LREE and HREE and high contents of MREE (Nd to Eu; Fig. 9a and b). These patterns become increasingly sinusoidal in the sub-calcic garnets, with the lowest point in the trough of the REE pattern migrating from Gd to Er as CaO content decreases and Mg# increases (Fig. 9 ). Harzburgitic garnets with low CaO and all of the ultradepleted garnets display 'U'-or 'ˇ'-shaped REE patterns, in which the contents of Pr, Nd, Sm, Eu, Gd, Tb, Dy and Ho are extremely low (5 1 Âchondrite; Fig. 9b and c ). An increase in the amount of CaO and slight increase in the Cr 2 O 3 content of these ultra-depleted and sub-calcic garnets correlates with an increase in contents of LREE, such that there is a negative slope for these elements on chondrite-normalized REE plots (e.g. BD3936). The REE patterns of lherzolitic garnets in BD794 are sinusoidal (Fig. 9b) , and in this respect, differ from garnets in other Lashaine lherzolites, which show REE patterns similar to those of garnets in equilibrium with clinopyroxene. The REE patterns of calcic garnets in BD812 are very similar to those inferred to have formed by exsolution from orthopyroxene in a lherzolite from the Monastery kimberlite (Dawson, 2004 ) that has 4·98% CaO and 2·55% Cr 2 O 3 .
P R E S S U R E A N D T E M P E R AT U R E S O F E Q U I L I B R AT I O N O F L A S H A I N E P E R I D O T I T E S
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HIGHLY REFRACTORY SUBCRATONIC MANTLE following the recommendations of Nimis & Gru« tter (2009).
Pressures and temperatures for Lashaine garnet lherzolites and garnet harzburgites were calculated using the following: (1) the Ca^Mg clinopyroxene^orthopyroxene and Fe^Mg olivine^garnet exchange thermometers of and O'Neill & Wood (1979) , respectively, with the Al-in-orthopyroxene barometer of ; (2) the two-pyroxene thermometer of Taylor (1998) with the Al-in-orthopyroxene barometer of Nickel & Green (1985) . We note that temperatures obtained for the lherzolites using Taylor (1998) with Nickel & Green (1985) are lower than those from and and, in accordance with the recommendations of Nimis & Gru« tter (2009), we have based our discussion of these samples on the results of the Taylor (1998) and Nickel & Green (1985) formulations. Pressures and temperatures calculated for Lashaine garnet peridotites vary from 3·2 to 5·0 GPa and 960 to 10858C, respectively (Table 4 ). Owing to the large errors (AE1808C) associated with the olivine^garnet exchange thermometer of O'Neill & Wood (1979) we have used P^T estimates from only fully equilibrated garnet lherzolites to constrain the thermal structure of the underlying lithosphere (Fig. 10 ). Using our P^T results for Lashaine, data for crustal thickness from Julia¤ et al. (2005) and the FITPLOT program of McKenzie et al. (2005) , our data suggest that (1) the surface heat flux is low ($41mW m^2), (2) the lithosphere is $175 km thick, and (3) the base of the mechanical boundary layer (MBL) resides at $160 km for a T P of 13158C. If we assume that the convecting mantle has an elevated T P of 14008C (owing to the presence of the East African plume) then we estimate the lithosphere and the MBL to be 186 km and 170 km thick, respectively. Our surface heat flux estimate is consistent with the observations of Nyblade et al. (1990) and the estimate of 44 mW m^2 by Rudnick et al. (1994) . The lithospheric thickness estimate is similar to that predicted from the surface-wave studies of Ritsema & van Heijst (2000) and Weeraratne et al. (2003) . This is less than the 1802 00 km thickness that has recently been proposed for the Kaapvaal craton (Gibson et al., 2008; Mather et al., 2011) but is greater than what might be expected for a cratonic margin. 
Temperature estimates for Lashaine chromite-bearing peridotites (Table 4 ; Dawson, 2002) overlap with those estimated for garnet-bearing harzburgites and lherzolites (Fig. 10) . This is consistent with the fact that spinels with high Cr contents (i.e. chromites) are stable at temperatures and pressures that extend into the garnet stability field (Rudnick et al., 1994) . Thermodynamic modelling of the garnet^spinel transition zone indicates that it is affected by the Cr/(Cr þAl) of the bulk-rock composition (O'Neill, 1981; Klemme et al., 2009) ; in relatively fertile compositions [i.e. with Cr/(Cr þAl)50·2, and containing Fe, Ca and small amounts of Na] the divariant garnet þ spinel stability field is fairly narrow, but in most other compositions the divariant field is wide (Klemme et al., 2009) . In this context, the Lashaine peridotites with a range of bulk-rock compositions (see below) might be expected to fall into the divariant field.
As found in previous studies, the deepest xenoliths from Lashaine are garnet lherzolites that equilibrated in the graphite-stability field (Rudnick et al., 1994; Dawson et al., 1997) . Although some of the shallowest xenoliths are those containing ultra-depleted garnets (BD3927 and BD3928), which finally equilibrated at $3·8 GPa, there is no systematic relationship between garnet composition and pressure or temperature. This is in agreement with models by which metasomatism occurs by channelized flow and the products often preserved as veins in a refractory host (Spiegelman & Kelemen, 2003) .
W H O L E -RO C K C H E M I ST RY O F L A S H A I N E P E R I D O T I T E S
To evaluate the style and extent of metasomatism beneath northern Tanzania we have extended the available wholerock major element data for Lashaine peridotites from Rhodes & Dawson (1975) and Aulbach et al. (2011) with our new trace-element analyses. These were determined by ICP-MS on the same powders as those analysed previously by Rhodes & Dawson (1975) .
Major element variations
As expected from their varied modal abundances and mineral chemistry, the Lashaine peridotites exhibit a wide variation in bulk-rock compositions. As pointed out by Rudnick et al. (1994) , the garnet-bearing peridotites generally have high SiO 2 (42^46 wt %), CaO (0·4^1·54 wt %), Al 2 O 3 (0·7^2·5 wt %), FeO (6^7 wt %) and similar or lower MgO (548 wt %) when compared with the chromite-bearing peridotites and dunites (Figs 11 and 12) . On a plot of Al 2 O 3 vs CaO some of the garnet lherzolites and harzburgites lie away from the predicted partial melting trend defined by oceanic peridotites (Fig. 11) ; this suggests that they are not simply residues of fertile mantle melting and have undergone metasomatic addition of garnet and/ or clinopyroxene. Whole-rock Mg# values [Mg/ (Mg þ Fe) Â 100] are high in the Lashaine peridotites and generally range from 92 to 93, and from 91 to 94, in garnet-and chromite-bearing peridotites, respectively.
In terms of their major element contents, the most refractory peridotites from Lashaine are chromite-bearing harzburgites and dunites (Rudnick et al., 1994) . Assuming the MgO and SiO 2 contents of the chromite-bearing peridotites from Lashaine have not been significantly affected by metasomatism, the melt model of Herzberg (2004) suggests that these xenoliths are the residues of up to 35% adiabatic decompression melting with the onset of melting initially occurring in the garnet stability field and advancing into the spinel stability field (Fig. 12) . Intersection of the fertile peridotite solidus at $5 GPa would require a mantle potential temperature of $16008C (Fig. 13) , which would be similar to ambient Archean mantle (Richter, 1988; Herzberg et al., 2000) . At such large amounts of adiabatic decompression melting neither garnet nor spinel would be a stable residual phase.
The bulk-rock compositions of garnet peridotites from northern Tanzania are rich in silica relative to Taylor (1998) . Temperatures for clinopyroxene-bearing samples were calculated using the thermometers of or Taylor (1998) . Temperatures for clinopyroxene-free samples were calculated using the thermometer of O'Neill & Wood (1979) . *Fully equilibrated lherzolites based on single opx and opx-cpx thermometry. yEstimated assuming a 44 mW m À2 geotherm (Dawson, 2002) .
those predicted for melt residues in experimental studies of fertile peridotite (Rudnick et al., 1994) . This silica enrichment (together with CaO, Al 2 O 3 and Na 2 O) is manifested in the high modal abundance of orthopyroxene (Rhodes & Dawson, 1975; Fig. 14) , which Rudnick et al. (1994 Rudnick et al. ( , 1998 attributed to the reaction of silicic melts (derived from a subducting slab) with olivine in refractory (dunite and/or harzburgite) Tanzanian lithospheric mantle. Despite the fact that the xenoliths were entrained from similar depths, silica enrichment is more apparent in garnet-than in chromite-bearing peridotites (Rudnick et al., 1994; Aulbach et al., 2011) . This is an important observation as it highlights the inherent relationship between silica enrichment, causing transformation of olivine to orthopyroxene, and subsequent garnet formation (see below). (2005) and is based on P^Testimates from lherzolite xenoliths using the formulation of Taylor (1998; TA98) with Nickel & Green (1985; NG85) (Table 4) . Inset shows the different sets of P^Testimates calculated for garnet lherzolites using the formulations of Taylor (1998) with Nickel & Green (1985) , and BK90) with BKN90) . Assuming a T P of 13158C, we estimate the base of the mechanical boundary layer (MBL) and lithosphere beneath Lashaine to be located at 158 km and 175 km, respectively. A T P of 14008C increases the depth estimates of the MBL and lithosphere to 170 km and 186 km, respectively. Crustal thickness estimate is from Julia¤ et al. (2005) and temperature estimates for chromite-bearing peridotites are from Dawson (2002) . The diamond^graphite transition is from Kennedy & Kennedy (1976) and the carbonate-bearing peridotite solidus is from Falloon & Green (1989) , Dasgupta & Hirschmann (2006) and Brey et al. (2008) . It should be noted that all Lashaine peridotite xenoliths plot within the graphite stability field. T RD refers to the Re depletion age estimated for the lithospheric mantle and is based on analyses of sulphides from Lashaine peridotites (Burton et al., 2000) .
Our new trace element data for Lashaine chromite-and garnet-bearing peridotites show that they are highly enriched in strongly incompatible trace elements (Table 5) ; this suggests that they have all undergone some metasomatism, including the harzburgites (Fig. 15) . The decoupling of major elements and strongly incompatible trace elements (K and Rb) in the Lashaine peridotites was originally noted by Rhodes & Dawson (1975) and subsequently by Pike et al. (1980) and Rudnick et al. (1994) . The garnet peridotites are readily distinguished from those bearing chromite on the basis of their La/Yb: concentrations of HREE in garnet-bearing lherzolites and harzburgites are lower than in chromite-bearing peridotites, but they have similar LREE contents. Also, whereas the degree of HREE fractionation in the chromite-bearing samples is relatively constant, in the garnet peridotites HREE ratios correspond to garnet composition. It is not possible to differentiate between Lashaine garnet-and chromite-bearing peridotites on the basis of moderately or strongly incompatible trace element ratios, which suggests that some of the metasomatic enrichment is independent of the type of aluminous phase present. Some garnet-and chromite-bearing peridotites exhibit marked enrichments in Rb, Ba and Sr (and often Ti) on normalized multi-element plots (Fig. 15) . These include BD1542 and BD747, which contain melt pockets associated with recent rift-related metasomatism (Dawson, 2002) .
D I S C U S S I O N What is the cause of large variations of Ca and Cr in Lashaine garnets?
Garnets found in mantle peridotites exhibit a wide range in CaO and Cr 2 O 3 contents, from pyrope to uvarovitic (Boyd, 1989) . Deviations away from this are due to secondary metasomatic effects. Data are from Rhodes & Dawson (1975) , Rudnick et al. (1994) and Aulbach et al. (2011) . KR4003 is a Kettle River fertile peridotite (Xue et al., 1990) Rhodes & Dawson (1975) , Boyd et al. (1993) and Aulbach et al. (2011). pyrope (Sobolev et al.,1973) . Combined increases in Ca and Cr contents of lherzolitic garnets often correspond to a decrease in modal clinopyroxene, reflecting preferential partitioning of these elements into clinopyroxene. Numerous studies have shown that calcic pyrope garnets typically occur in lherzolites, whereas sub-calcic varieties are found in harzburgites (Fig. 7) . Less common are ultra-depleted pyrope garnets, which have extremely low CaO contents (5 1·8 wt %; Gru« tter et al., 2004) . These occur as inclusions in diamond (e.g. Banas et al., 2009) , but are rarely found in mantle xenoliths.
The Cr 2 O 3 contents of most Lashaine garnets are low (2^6·7 wt %) compared with those commonly found in diamond inclusions, and indeed many other sub-cratonic peridotites, which typically have 45 wt % Cr 2 O 3 and sometimes up to 20 wt % Cr 2 O 3 (Sobolev et al., 1973) . The high Cr contents of sub-calcic garnets have previously been attributed to the formation of their precursor protoliths by (1) melting in the spinel stability field with subsequent equilibration at high final pressures (Stachel et al., 1998b; Gru« tter et al., 2006) , (2) reaction of Si-and Ca-rich fluids with chromite (Malkovets et al., 2007) , or (3) high degrees of melt extraction in the absence of either spinel or garnet (Aulbach et al., 2011) . Low-Cr garnets are present in sub-cratonic peridotites but are typically oversaturated in Ca and are usually associated with Ca^Fe^Ti melt-related metasomatism. Low-Cr garnets (53 wt % Cr 2 O 3 ) commonly occur in alkali basalts from 'off ' craton locations (e.g. Vitim, Ionov et al., 1993; Pali Aike, Stern et al., 1986) , but these are also calcic and are thought to have been derived from low-pressure (53·0 GPa) mantle (Gru« tter et al., 2006) . The low Cr 2 O 3 contents of ultradepleted and sub-calcic Lashaine garnets are consistent with the slightly lower equilibration pressures and higher geothermal gradients near the eastern margin of the Tanzanian Craton (see above), relative to other major we propose that Lashaine harzburgites formed as residues of $35% mantle melting, probably at a spreading ridge, over a pressure interval ranging from 5 to 1GPa at ambient Archean mantle temperatures (see Fig. 12 ). The melt region is shown by the dark shaded field. Stage 2: amalgamation of the harzburgitic residues into oceanic lithosphere and percolation of silicic fluids. The latter caused conversion of some grains of olivine to orthopyroxene. Stage 3: lithospheric thickening during cratonization resulted in a decrease in temperature and isochemical exsolution of garnet from orthopyroxene at 4$70 km depth. Stage 4: pervasive metasomatism (refertilization) by Proterozoic to Recent melts in an $30 km thick zone at the base of the lithosphere.
cratons such as the Kaapvaal. We note that the Ca and Cr contents of Lashaine garnets are similar to those of garnet megacrysts from the barren Nzega kimberlite (Fig. 7) , which is located closer to the core of the Tanzanian Craton ( Fig. 1 ; Griffin et al., 1994; Tainton et al., 1999) .
Other global occurrences of sub-calcic garnets with 'ˇ'-shaped chondrite-normalized REE patterns
The absolute concentrations of REE in garnets found in harzburgites and lherzolites are dependent upon the modal abundances of garnet and garnet and clinopyroxene, respectively, whereas REE ratios are related to melting and enrichment events. Although garnets in some mantle peridotite suites show systematic variations in chondrite-normalized REE patterns (e.g. Gibson et al., 2008) there is no clear distinction between the patterns of worldwide lherzolitic and harzburgitic garnets (Stachel & Harris, 2008) . This reflects the fact that substitution of REE into the garnet X-cation site is controlled by various factors, including mineral chemistry (e.g. CaO and Cr 2 O 3 contents), temperature and composition of the metasomatic reagent (Harte & Kirkley, 1997) . As a consequence, the major and trace element contents of pyrope garnets do not always show good correlations, although, as we have shown above, this is not the case for Lashaine.
The 'ˇ'-shaped REE patterns of the Lashaine ultradepleted garnets (BD3928 and BD3927; Fig. 9 ) are of special importance because they closely resemble the hypothetical compositions proposed for pre-metasomatic garnets (Stachel et al., 2004) : these have not previously been identified in mantle xenoliths or diamond inclusions (Stachel & Harris, 2008; Rege et al., 2010) and investigations have relied upon the hypothetical REE composition proposed by Stachel et al. (2004) to constrain the nature of metasomatic agents. Garnets more enriched in MREE and LREE but with similar fractionated HREE patterns to those observed in ultra-depleted Lashaine garnets ([Ho/Lu] n ¼ 0·07) have, however, been found in more Caand Cr-rich garnets in peridotites and as diamond inclusions from the Kaapvaal, Siberian, Slave, Superior and West African cratons (Stachel & Harris, 1997; Stachel et al., 1998a Stachel et al., , 1998b Taylor et al., 2003; Davies et al., 2004; Dawson, 2004; Promprated et al., 2004; Creighton et al., 2007 Creighton et al., , 2009 Gibson et al., 2008; Banas et al., 2009; Ionov et al., 2010; Hunt et al., 2012) .
Formation of ultra-depleted garnet by exsolution from orthopyroxene
The ultra-depleted garnets could have formed as a result of either (1) extreme degrees of melt extraction (Gru« tter et al., 1999), (2) exsolution from high Ca^Al orthopyroxene during cooling and deformation of the lithosphere (Dawson, 2004) , or (3) reaction of Si-and/or Ca-rich fluids with pre-existing olivine and orthopyroxene (Malkovets et al., 2007) .
Our preferred mechanism of formation for the ultradepleted garnets involves exsolution of garnet from Alrich orthopyroxene, perhaps as a result of lithospheric thickening during the Archean (Fig. 13) . We suggest that the development of garnet around the margins of large orthopyroxene grains may have occurred via an Ostwald ripening mechanism, similar to that proposed by Dawson (2004) . This process initially involves strain-induced exsolution of garnet from orthopyroxene along planar interfaces and the formation of lamellae. These lamellae coarsen with time, until the diffusion distance is the same as the grain size, and equant grains of garnet start to crystallize along orthopyroxene grain boundaries and develop necklace textures. The kinetics of these reactions are driven by reducing both surface energy and the amount of strain. The different forms of garnet that crystallize during this process are spectacularly preserved in a peridotite from Monastery on the Kaapvaal craton (Dawson, 2004 ). Although we have found no evidence of garnet lamellae in orthopyroxenes at Lashaine, grains of ultra-depleted highMg# garnet can be clearly seen forming along orthopyroxene grain boundaries and, in places, almost completely enclose some crystals (Fig. 3) . These Lashaine necklace garnets are much larger (up to 2 mm) than those observed at Monastery (150^200 mm; Dawson, 2004) , which, assuming they formed by the same exsolution mechanism, suggests that those at Lashaine crystallized over longer timescales. Boyd (1989) . Melt depletion causes peridotitic residues to evolve towards higher modal olivine and Fo contents. The mean Fo content of olivine from global subcratonic lithosphere is 92·6 (Pearson & Wittig, 2013) . It should be noted that chromite-bearing peridotites from Lashaine plot at the end of the melting trend defined by the average compositions of oceanic peridotite suites (Boyd, 1989; Rudnick et al., 1994) . Data for Lashaine are from this study and Reid et al. (1975) , and Rudnick et al. (1994) . Data for Labait are from . Table 4 and Rhodes & Dawson (1975) . Normalization factors are from McDonough & Sun (1995) . (a) Garnet-bearing and (b) mostly garnet-free peridotites, and (c) peridotites showing recent metasomatic enrichment.
Significance of Mg-rich orthopyroxene and olivine in northern Tanzania peridotites
The presence of highly forsteritic olivine in the lithospheric mantle beneath Lashaine might initially be interpreted as evidence of extremely high degrees of melting (Bernstein et al., 2007) , perhaps in the presence of hydrous fluids (Pearson & Wittig, 2008) . However, the restriction of high-Mg# olivine to harzburgite rather than dunite, and also the rarity of this type of xenolith at Lashaine, suggests that its occurrence may represent modification of once highly refractory mantle rather than a residual product of a major melting event at $3·4 Ga (Burton et al., 2000) . A secondary origin for excess orthopyroxene in the Tanzanian lithospheric mantle is consistent with the presence of orthopyroxene in 'bands' in some Lashaine harzburgites (Fig. 2) , which may result from the infiltration of slabderived metasomatic agents along grain boundaries. Although silicic melts might be expected to have low Mg and high Fe contents, Mg in addition to Si is soluble in hydrous fluids at high pressures (Kawamoto et al., 2004) . Reaction of olivine with silicic fluids, rather than melts, would explain the high MgO content of both the orthopyroxene and surrounding olivine in the banded harzburgites; we envisage that over time the newly formed Mg-rich orthopyroxene would re-equilibrate with previously formed olivine and cause a slight increase in Fo content. This silicic metasomatism pre-dates the formation of the ultra-depleted garnets, which appear to be end-members of a systematic and almost continuous variation in major and trace elements towards garnets of lherzolitic paragenesis. Given the abundance of orthopyroxene-rich, low-temperature peridotites in suites of mantle xenoliths from the major cratons (e.g. Kaapvaal, Siberia, Slave; Boyd, 1989) , it is interesting to note that veins or bands of orthopyroxene are rarely preserved (Bell et al., 2005) . Nevertheless, they have been observed in peridotite xenoliths from volcanic arcs, where they have been attributed to fluid^rock interactions (e.g. Arai et al., 2003; Soustelle et al., 2010) . At Lashaine, coexisting ultra-depleted magnesian garnets (Mg# 92), olivines (Fo 95 ) and orthopyroxenes (Mg# 96) appear to be restricted to low-temperature banded harzburgites. The orthopyroxenes and olivines have greater Mg# than has been reported from other global garnet peridotites (Gaul et al., 2000; Pearson & Wittig, 2008) , excluding those from Sputnik, Siberian Craton (Sobolev et al., 1997) , which are equally magnesian. We propose that these represent the most pristine compositions of the reaction products of silicic metasomatism that occurred prior to lithospheric thickening; that is, they do not represent original solidus compositions but are secondary in origin. A few rare examples of highly magnesian olivines (up to Fo 97 ) and orthopyroxenes (up to Mg# 97) are found as diamond inclusions (Fig. 16 ) from the Kaapvaal and Slave cratons Stachel et al., 2010) . The slightly lower Mg# values of olivines and orthopyroxenes observed in garnet peridotites from worldwide cratonic mantle (mean Fo 92·6; Pearson & Wittig, 2013) çand also commonly as diamond inclusions of harzburgite paragenesis (mean Fo 93·2; Stachel & Harris, 2008) çclosely resemble those of Lashaine granular garnet harzburgites (Fo 92·8 ) and represent lithospheric mantle that has experienced minimal metasomatic alteration of Mg# following Archean plate thickening.
Enrichment of depleted lithospheric mantle by metasomatic fluids and melts
In garnets found as diamond inclusions the lack of correlation between major and trace elements led Stachel et al. (1998b) to suggest that the systematic variation in chondrite-normalized REE patterns, from highly sinusoidal to moderately sinusoidal to normal (LREE depleted, enhanced in MREE and HREE) , represents a progressive sequence of metasomatic enrichment in incompatible trace elements that isçto some extentçindependent of major-element concentrations. The following end-member styles of metasomatism (fluid and melt) have been recognized in the REE chemistry of peridotitic garnets.
(1) Highly sinuous chondrite-normalized REE patterns of sub-calcic garnets are associated with the subsolidus percolation of LREE-rich high-density fluids (HDFs), which may be either carbonatititic or silicic, and hydrous (Stachel et al., 2004; Weiss et al., 2009) . These have very high LREE/HREE and it has been proposed that the negative slope in the LREE pattern is due to enrichment of the most strongly incompatible trace elements in the percolating fluid, whereas the positive slope in the HREE reflects the composition of the pre-metasomatic garnet. HDFs may also contain high contents of MgO, Cr 2 O 3 and K 2 O, and are thought to be the same as those that accompany diamond formation (Klein-BenDavid et al., 2011; Weiss et al., 2011; Banas et al., 2009) . A syngenetic relationship between diamonds and sub-calcic garnets suggests that metasomatic enrichment of the ultra-depleted garnets occurred after a major Archean lithospheric thickening event. Rege et al. (2010) proposed that the common association of diamond and sub-calcic garnet reflects their formation from immiscible pairs of a carbonatite^silicic fluid, involving the formation of diamonds from an immiscible silicic hydrous fluid and sub-calcic garnets from the residual carbonatitic fluid. The restriction of HDF metasomatism to lowtemperature global harzburgitic garnets (i.e. below $1150^12008C) indicates that these fluids may be absent at high temperatures (Stachel et al., 2004) . (2) Normal chondrite-normalized REE patterns in pyrope garnets are thought to reflect supersolidus infiltration of small-fraction melts through the lithospheric mantle. This type of metasomatism is most readily apparent in calcic garnets of lherzolite paragenesis, which characterize peridotites from the basal high-temperature regions of sub-cratonic lithosphere. An increase in the amount of metasomatism in lherzolitic garnets (together with the modal abundance of coexisting clinopyroxene) is accompanied by a decrease in Ca and Cr contents together with a decrease in sinuosity of chondrite-normalized garnet REE patterns. The latter involves an enrichment in both MREE and HREE (Stachel et al., 2004) and a gradual migration of the trough in the REE pattern towards more strongly incompatible trace elements, until they resemble those of garnets in equilibrium with primitive mantle (i.e. they exhibit depletion in LREE relative to MREE and HREE).
These two different styles of mantle metasomatism (i.e. by low-temperature fluids and higher temperature melts) may potentially represent end-members in a single event and a continuum of intermediate compositions may exist, depending upon the extent of crystallization, reaction and cooling that they have experienced (Schrauder et al., 1996; Klein-BenDavid et al., 2007; Weiss et al., 2009; Zedgenizov et al., 2009) . Nevertheless, similarities in the incompatible trace element patterns of high-Mg carbonatitic HDFs and small-fraction silicate melts suggest that it is more likely that these different metasomatic agents are derived by a progressive increase in melting of the same carbonated-peridotite mantle source (Weiss et al., 2011) . Intermediate degrees of melting or mixing between these end-member metasomatic agents may generate transitional compositions. Our findings suggest that subtle differences in LREE between low-temperature (10508C), ultra-depleted garnets from Lashaine (BD3928) and the hypothetical composition of pre-metasomatic garnets predicted by Stachel et al. (2004) may be due to a very small amount of enrichment of the pre-metasomatic garnet by a high-Mg carbonatitic fluid; the very low concentrations of Ca, Fe and REE in the ultra-depleted garnets would make them highly susceptible to modification and provide a sensitive baseline against which metasomatism can be measured (Fig. 9d) . Calculations involving bulk mixing between high-Mg carbonatititic fluids (ON-KAN-389; Weiss et al., 2009) and garnets with compositions similar to those in BD3928 were undertaken using the mass-balance equation
in which C o and C f are the initial and final concentrations of a given element in the fluid or garnet and X is the weight fraction. At a low fluid/rock ratio the MREE to HREE slope remains constant ([Ho/Lu] n ¼ 0·07), but increasing the fluid/rock ratio increases the amount of LREE enrichment, and generates REE patterns similar to those that we have observed in sub-calcic garnets in the banded harzburgite BD3927 and BD3936 (Fig. 9d) . The sinusoidal and normal chondrite-normalized REE patterns that we observed in equilibrated garnets from other Lashaine peridotites (Fig. 9a and b) are similar to those reported from previous studies of mantle xenoliths and diamond inclusions. For the fully equilibrated Lashaine peridotites there is a general trend in chondrite-normalized REE patterns, from sinuous sub-calcic garnets to normal calcic garnets, as temperature increases. The combined decrease in Ca, REE and temperature (and depth) represents decreasing enrichment by percolating metasomatic agents.
Signatures of carbonatite metasomatism include high concentrations of Ca, Fe, LREE, Sr, U, Th and Pb and high Zr/Hf, but low concentrations of Ti and Nb (Dupuy et al., 1992; Rudnick et al., 1993) . Using the carbonatite/ garnet partition coefficients of Dasgupta et al. (2009) , the calculated liquids in equilibrium with the ultra-depleted and sub-calcic harzburgitic garnets have higher Ti/Eu (400^1500) and [La/Yb] n (15^350) relative to those involved in the formation of calcic lherzolitic garnets, which have Ti/Eu5500 and [La/Yb] n 570.
Recent analyses of diamond-hosted HDFs suggest that they have lower Zr contents (53 ppm) and Zr/Hf, but higher Ti/Eu than carbonatite mantle melts (Zedgenizov et al., 2009; Rege et al., 2010; Weiss et al., 2011) . Figure 17 shows that estimated compositions of liquids in equilibrium with low-temperature sub-calcic Lashaine garnets have low contents of Zr (5 15 ppm) and low to moderate Zr/Hf, which are similar to those of magnesio-carbonatitic HDFs. The moderate to high (supra-chondritic) Zr/Hf (50^100) and Zr contents (20^95 ppm) and low Ti/Eu of liquids predicted to be in equilibrium with relatively hightemperature Lashaine calcic garnets may be due to the greater compatibility of these elements in coexisting Cr-diopside. This is confirmed by Fig. 18 , which shows that the whole-rock Ti/Eu values of Lashaine lherzolites are similar to those of the harzburgites. This suggests that metasomatism involved in the formation of calcic garnets did not fractionate Ti/Eu and involved silicate rather than carbonatite melts. This proposal is consistent with the dominant silicate-melt related metasomatism identified at Labait Aulbach et al., 2008) but differs from the carbonatite-melt related metasomatism at Olmani (Rudnick et al., 1993) .
Lateral and vertical extent of depleted lithospheric mantle beneath the Tanzanian Craton
Continental-scale maps of lithospheric thickness, based on surface-wave tomography, generally show that the deep roots of Archean cratons extend beneath their cores and a gradual lithospheric thinning occurs towards their margins (Priestley & McKenzie, 2006; Priestley et al., 2008; Fishwick & Bastow, 2011) . Although these studies suggest that the core of the Tanzanian Craton has a thick lithospheric keel (4 180 km; Fig. 1 ) the eastern margin of the craton is unusual because the lithosphere appears to thin very rapidly over a short horizontal distance (Craig et al., 2011) . Regional seismic studies confirm that there is thick lithosphere beneath the eastern margin of the Tanzanian Craton (Fig. 19 ) and show that Lashaine is located NE of a zone of asthenospheric upwelling and above thick lithosphere (Nyblade et al., 1996; Ritsema et al., 1998; Weeraratne et al., 2003) . For rigid lithosphere similar in thickness to that beneath Lashaine (160 km) to be gravitationally stable at the edge of a craton, it must have relatively low density (i.e. be refractory) and/or high viscosity in order to be resistant to delamination or cold drip (see Van Wijk et al., 2010) .
In general, the sub-Tanzanian lithospheric mantle is refractory down to a depth of $130 km and then becomes more enriched with increasing depth Griffin et al., 2003) . A similar relationship between the degree of metasomatic enrichment and depth has been observed in other cratons (e.g. Slave and Kaapvaal), and is thought to reflect increased metasomatism by percolating, small-fraction, convecting, mantle-derived melts close to the base of the lithosphere (Kopylova et al., 1999; Simon et al., 2003; Burgess & Harte, 2004; Gibson et al., 2008; Griffin et al., 2009) . Nevertheless, mantle peridotites from Lashaine do not display a systematic relationship between Fe content and pressure, and on plots of depth vs density do not adhere to the trend predicted by isopycnic models (Jordan, 1979; Lee et al., 2011) . Lee et al. (2011) recently suggested that Archean lithospheric mantle from near the margin of the Tanzanian Craton (i.e. beneath Lashaine and Labait) is more Fe-rich and has a greater density at a given depth than lithospheric mantle benath the Siberian and Slave cratons. They proposed that beneath Tanzania, the mantle has a greater density than predicted by isopynic models (Fig. 20a ) and in this respect is similar to the Colorado Plateau, but distinct from other regions of thick lithosphere. This interpretation, however, assumed that all Archean lithosphere has a similar geothermal gradient, regardless of its proximity to a craton core or margin. If we use our new estimates for lithospheric thickness and variation in temperature with depth beneath Lashaine then the relationship between density (based on Mg#) and depth with the calculated isopycnic curve is the same as for other cratons; that is, Tanzanian Archean lithosphere is also compositionally buoyant (Fig. 20b) . Nevertheless, the density of lithospheric mantle is most highly dependent upon the modal abundance of garnet and we have shown above that beneath Lashaine this occurs in high-Mg# mantle. This paradox implies that models which calculate density based only on whole-rock Mg# are too simplified and need to consider the effects of garnet exsolved from orthopyroxene. We currently do not know how widespread garnet formed by this mechanism is, but we suggest that it is most likely to occur in the lithosphere beneath $80 and 125 km depth.
Highly forsteritic olivines (up to Fo 93·4 ) coexist with high-Cr# (65^95) spinels as well as garnet in Lashaine peridotites (Dawson, 2002) . Harzburgites with forsteritic olivines (up to Fo 94·4 ) and high-Cr# spinels (60^93) have also been reported from nearby Monduli and Olmani (Jones et al., 1983; Rudnick et al., 1994; Lee et al., 2000) . Furthermore, rare forsteritic olivines (up to Fo 94 ) occur as inclusions in diamonds from the Mwadui kimberlite pipe (Fig. 4) , 300 km west of Lashaine (Stachel et al., 1998a) . These exhibit a much more restricted range in olivine composition, which is less Fe rich, than found in peridotite xenoliths from northern Tanzania. Pearson & Wittig (2013) have proposed that the high Fo contents of olivines from Olmani are due to interaction of less forsteritic olivine with Fe-poor magnesio-carbonatites, similar in composition to those identified as diamond-forming fluids. We note that this interpretation contrasts with that of Aulbach et al. (2011) , who proposed that the Mwadui diamond inclusions are representative of the composition of the Tanzanian sub-cratonic mantle prior to significant metasomatic enrichment. The Tertiary kimberlite pipes near Mwadui are highly variable in their diamond content (Griffin et al., 1994) . Diamondiferous pipes, such as Mwadui, contain calcic and sub-calcic garnet megacrysts with variable but generally high Cr contents, whereas barren pipes, such as Nzega, contain only low-Cr subcalcic and calcic garnets (Griffin et al., 1994; Tainton et al., 1999) . The low-Cr sub-calcic Nzega garnets are similar to those that we have analysed from Lashaine (Fig. 7) , which suggests that beneath the core of the Tanzanian Craton, the shallower levels of the lithospheric mantle (i.e. above Fig. 19 . NE^SW cross-section showing variations in S-wave velocity and the composition of the lithosphere along the profile A'^A'' illustrated in Fig. 1 . Seismic information is from the study of Weeraratne et al. (2003) , which confirmed the presence of thick lithosphere beneath the Mozambique Belt. This fold belt, which is formed of basement and cover rocks, is believed to have been thrust westward over the eastern margin of the Tanzanian Craton during the Pan-African orogeny (Shackleton, 1986) . It should be noted that highly forsteritic olivine (Fo 94 ) has been found in xenoliths entrained from beneath the core and near the margins of the Tanzanian Craton (both to the west and east of the rift) and is evidence of highly refractory mantle. The lower $30 km of the lithosphere is believed to have been pervasively metasomatized by small-fraction melts (this study; Rudnick et al., 1994; Griffin et al. 2003; Koornneef et al., 2009). the diamond^graphite transition) may be highly refractory. The difference in Cr contents may be due to variability in the extent of fluid reactions with precursor chromite (Malkovets et al., 2007) as well as pressure (Gru« tter et al., 2006) .
Unlike Mwadui and Nzega, Lashaine, Monduli and Olmani are located near the margin of the Tanzanian Craton ( Fig. 1 ) and hence our study confirms that similar highly depleted lithospheric mantle is widespread. Here we reiterate the fresh, unserpentinized nature of the Lashaine peridotites, which is emphasized by their having been mined as a source of gem peridot. This depleted mantle would be dehydrated and lack heat-producing elements and have a relatively high viscosity, thereby increasing its strength and ability to couple with the overlying crust.
Whereas mantle density primarily relates to the amount of melt depletion and modal abundance of garnet, viscosity is controlled in part by water content. Despite widespread heating and metasomatism of the Tanzanian sub-cratonic lithospheric mantle by the East African plume (Dawson & Smith, 1988) there does not appear to have been any dramatic decrease in thickness beneath either its core or its margins (Weeraratne et al., 2003) . The presence of thick ancient lithosphere near the eastern margin of the Tanzanian Craton (i.e. beneath Lashaine) is evidence of its long-term resistance to delamination, which may be due to its overall refractory nature rather than a dehydrated base, as has recently been suggested as a reason for the stability of other cratons by Peslier et al. (2010) .
C O N C L U S I O N S
The diverse compositions of mantle peridotites from Lashaine in northern Tanzania offer a unique insight into the nature and composition of the lithosphere near a cratonic margin. Calcic garnets are generally found in hightemperature lherzolites derived from a 30 km thick zone above the base of $160 km thick rigid lithosphere (mechanical boundary layer) and have normal or mildly sinusoidal chondrite-normalized REE patterns. These lherzolitic garnets formed as a result of silicate melt-related metasomatism. Ca-undersaturated garnets tend to occur in low-temperature Lashaine harzburgites derived from shallower depths (140^110 km) and have sinusoidal to 'ˇ'-shaped chondrite-normalized REE patterns. Lowtemperature ($10508C) ultra-depleted garnets occur in banded harzburgites and coexist with high-Mg# olivine and orthopyroxene; these garnets are depleted in trace elements and have undergone only minor enrichment of LREE by magnesio-carbonatite fluids.
We know of no other ultra-depleted garnets with REE concentrations as low as those at Lashaine, either in Tanzania or worldwide. All reported occurrences of garnets with strongly fractionated HREE patterns are for garnets with higher CaO contents (i.e. they are calcic or sub-calcic). The Lashaine ultra-depleted garnets are important because (1) textural relationships (e.g. chains of garnets along orthopyroxene grain boundaries; necklace textures) suggest that they formed as a result of exsolution from orthopyroxene and (2) compositionally they represent a close approximation to that proposed (but not Fig. 20 . Variation in Mg# [atomic Mg/(Mg þ Fe)] in garnet lherzolites from Lashaine and Labait, which are both located near the eastern margin of the Tanzanian Craton. Curves labelled 'isopycnic' illustrate the hypothetical Mg# required for cratonic mantle to be compositionally buoyant enough to compensate for negative thermal buoyancy at a given depth (see Jordan, 1979) . Lee et al. (2011) suggested that many Tanzanian peridotites are denser than predicted by their isopycnic model. The findings of their study are reproduced in (a). The isopycnic curve shown in (b) was calculated assuming a T P of 14008C and a conductive geotherm of 41mW m À2 (see Fig. 10 ), and shows that the lithospheric mantle beneath northern Tanzania exhibits compositional buoyancy. Xenolith data used in (b) are from this study, and Reid et al. (1975) , Rudnick et al. (1994) , Dawson (1997) , , Koorneef et al. (2009) and Dart (2010). previously observed) by Stachel et al. (2004) for hypothetical global pre-metasomatic garnets. Our samples from Lashaine indicate that ultra-depleted garnet may have formed at an early stage in the evolution of the Tanzanian lithosphere, after silica enrichment of refractory mantle and during or after Archean plate thickening. The major and trace element contents and textural relationships of the ultra-depleted garnets are consistent with their formation by isochemical exsolution from high-Mg# orthopyroxene. At greater depths in the lithosphere most of these garnets have undergone metasomatism by high-density carbonatitic fluids or silicate melts, formed by deep incipient melting of carbonated peridotite, which has converted them to more Ca-and Fe-rich varieties. Whereas some previous investigations have proposed that high-Cr sub-calcic garnets form as a result of interaction of chromite with Siand Ca-bearing fluids (e.g. Malkovets et al., 2007) , our results for Lashaine suggest that chromite is not a prerequisite phase for sub-calcic garnet formation. The restriction of pre-metasomatic ultra-depleted garnets to shallow depths (5$125 km) indicates that they may have resided in the lithospheric mantle above the zone reached by ascending metasomatic agents. We propose that garnets with pre-metasomatic compositions are rare on a global scale because they formed at a relatively early stage in craton evolution and are readily overprinted by subsequent metasomatism. Furthermore, sub-cratonic xenolith suites are typically dominated by peridotites derived from near the base of the lithospheric mantle; these are usually highly metasomatized and not necessarily representative of rock types from shallower depths in the lithospheric mantle.
Although the formation of new metasomatic phases (such as garnet, phlogopite and clinopyroxene) is common to lithospheric mantle beneath all of the major cratons, Lashaine is located near a cratonic margin where the lithosphere is slightly thinner. We believe that this is the most reasonable explanation for the differences that we have observed in the chemistry of minerals in Lashaine peridotites (e.g. low-Cr sub-calcic garnets) compared with those from deeper parts of cratons and also diamond inclusions. Beneath the central cores of cratons where the geothermal gradient is low, high-density carbonatitic fluids similar to those responsible for the metasomatism of Lashaine ultra-depleted garnets may crystallize via redox reactions to form diamonds. Conversely, near the margin of the Tanzanian Craton, the geothermal gradient is such that at temperatures where high-density fluids are stable, the pressure is too low for diamond formation.
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